, the slag supplied bioavailable Fe to two diatoms for 50 d. The probable duration for which the slag was available as an Fe source was approximately 10 times longer than the reported duration in in situ iron fertilization experiments. These results indicate that continuous Fe fertilization can be achieved by a single addition of the slag, and hence, we can reduce the energy and cost of ocean fertilization and also create a resource of microalgae biofuels.
Introduction
Atmospheric CO 2 is increasing because of anthropogenic activities including the burning of fossil fuels, which cause global warming and ocean acidification. 1, 2) To regulate climate change to an acceptable level, the following carbon mitigation strategies have been proposed: (1) significantly reduce or end CO 2 emission from burning of fossil fuels and (2) sequester CO 2 from the atmosphere in the Earth's crust and/or ocean depths. 3) As hypothesized by Martin, 4) iron fertilization of high-nutrient low-chlorophyll (HNLC) sea regions, where Fe limits the ocean's carrying capacity, is a possible strategy for sequestering CO 2 in the deep ocean by accelerating the ocean's biological pump. Over the last two decades, many studies have investigated the effect of ocean iron fertilization (OIF) on the marine ecosystem by the addition of industrial, refined, inorganic acidulous Fe solution. 5, 6) However, OIF seems to have a marginal effect on carbon sequestration from the atmosphere, 7) mostly because of the extremely low solubility of inorganic Fe(III) species [Fe(III)Ј] in seawater.
Iron is an essential trace element for marine photolithoautotrophs, playing several key roles in metabolic processes such as photosynthesis and respiration. 8) In general, one of the most bioavailable Fe species for phytoplankton is dissolved Fe(III)Ј, and their uptake by phytoplankton actually depends on Fe(III)Ј concentration. 9) Fe(III) is the most thermodynamically stable oxidation state of Fe in the oxic surface seawater. However, the solubility of Fe(III) is extremely low, 10, 11) and excess Fe(III) easily precipitates as solid amorphous Fe-hydroxide. Solid Fe-hydroxide has a lower bioavailability compared to Fe(III)Ј because of its slower dissolution rate compared to the uptake of Fe by phytoplankton. 12, 13) The natural supply of Fe to the ocean mainly comes from of continental sources, such as riverine inputs, 14) neritic sediment 15) and Fe-rich dust depositions. 16 ) Therefore, marine phytoplankton, especially large-celled diatoms in oceanic regions situated far from such terrestrial Fe sources, are usually under Fe-limited conditions. 4, 17) Recently, a scientific committee proposed large and long time-scale Fe manipulations of HNLC regions for sequestering more CO 2 in the ocean depths, coupled with a steady effort to better understand the sea. 18, 19) However, OIF should be preformed repeatedly at several-day intervals due to an immediate decrease in Fe bioavailability as shown in previous studies. 5, 6) As a result, Fe again limits the carrying capacity of the OIF patch, i.e., macronutrients (N, P, and Si) remain largely unused. Under such conditions, frequent supplies of bioavailable Fe are required over long periods
Continuous Supply of Bioavailable Iron for Marine Diatoms from Steelmaking Slag
Koji SUGIE 1) and Akira TANIGUCHI The bioavailability and durability of Fe released from decarburization steelmaking slag was examined for two marine diatom species. The bioavailability of Fe released from the slag was compared with that from the reagent FeCl 3 · 6H 2 O in the presence or absence of the synthetic chelator ethylenediaminetetraacetic acid, which affects Fe speciation in seawater. The duration of bioavailability was determined by the recovery of the growth rate on intermittent additions of macro-nutrients other than Fe. Abiotic reduction of bioavailable Fe from the slag in seawater was also investigated for 5 or 15 d. Thus, the bioavailability of Fe released from the slag was observed to be sufficiently high to promote the maximum growth rate; this was similar to that observed with the reagent inorganic Fe. This implies that the iron released from the slag is a dissolved ferric and/or ferrous ion/hydroxide species. In the culture media, to which the slag was added at the concentration of 20 mg L for which continual production of the Fe-binding chelator such as ethylenediaminetetraacetic acid (EDTA) that releases Fe(III)Ј continuously is required. Synthesis of such chelators requires excess energy. In natural seawater, Febinding ligands may act as reducers in instantaneous Fe bioavailability for marine phytoplankton because the uptake of Fe from the Fe-ligand complex is generally several orders of magnitude lower than that of Fe(III)Ј, 9) although they may present an excess concentration compared to dissolved Fe. 14, 20) Furthermore, the conditional stability constant of the natural Fe-binding ligand is sufficiently high to limit the growth of phytoplankton. 21) In this study, we conducted phytoplankton culture experiments using steelmaking slag as an Fe source. Steelmaking slag is a by-product of an iron and steelmaking process. Approximately 100 kg of slag is produced per 1 ton of steel. Approximately 14ϫ10 6 tons of slag is produced every year in Japan. 22) A significant amount of the slag is not reused because of its unstable chemical characteristics. Our previous studies showed that steelmaking slag contains elements essential for the healthy growth of marine phytoplankton (especially of diatoms) such as Fe, silicon, and phosphorus. [23] [24] [25] [26] Thus, slag is not a harmful substance; rather, it useful for the growth of marine phytoplankton. Noxious metals such as Pb and Hg were not detected in a solute of slag suspension with seawater.
27) Sugie and Taniguchi 25, 26) demonstrated the bioavailability of Fe dissolving from slag into ligand-free synthetic seawater. In the present study, we conducted experiments to determine the effect and probable duration for which the steelmaking slag was available as an Fe source for marine diatoms, comparing its availability in the presence or absence of the synthetic chelator EDTA. This kind of bioassay study is essential at present because we cannot directly determine the kinetics and amount of Fe dissolving from the slag in the presence of Fe-binding ligands.
Materials and Methods

Steelmaking Slag
The steelmaking slag we used was decarburization steelmaking slag (hereafter referred to as slag), containing 17.9% of total-Fe (T-Fe), 14 4 as macronutrients, and 6.6 mmol
Mo, 57 nmol L Ϫ1 Co and 10 nmol L Ϫ1 Se as trace elements chelated with approximately 15 mmol L Ϫ1 EDTA in artificial seawater. The culture was maintained in an exponential growth phase using sterile techniques to minimize bacterial contamination, while, the algal strains might not have been purely axenic.
The macronutrients in the culture media were modified according to the canonical Redfield ratio (N : P : Siϭ 16 : 1 : 15) 31, 32) to mask the effect of nutrients other than Fe, such as P and Si that possibly dissociate with the slag dissolution. The Redfield ratio is the average composition (i.e., the required nutrient balance) of marine phytoplankton. 31, 32) The concentration was set at 70 mmol L Ϫ1 NO 3 , 21 mmol L Ϫ1 PO 4 , and 105 mmol L Ϫ1 Si (N : P : Siϭ10 : 3 : 15) for T. oceanica and at 100 mmol
PO 4 , and 160 mmol L Ϫ1 Si (N : P : Siϭ10 : 2 : 16) for T. nordenskioeldii. These concentrations and the composition were determined by preliminary experiments. In the experimental media, Fe and EDTA were eliminated from the ESAW media used to detect the possible effects of experimentally added Fe sources such as the slag, inorganic acidic Fe(III), and Fe-EDTA complex (Tables 1 and 2 ). The slag stock suspension was prepared just before the experiments with Milli-Q water (Ͼ18.0 MW cm Ϫ1 , Millipore) for unchelated treatments and with 1 mmol L Ϫ1 EDTA for EDTA treatments, the suspension was mixed well and its portions were directly added to each culture vessel (Tables  1 and 2 ). The final concentrations of the slag were 0.2 and 20 mg L Ϫ1 for T. oceanica and 2 and 20 mg L Ϫ1 for T. nordenskioeldii. A 20 mg L Ϫ1 media contains approximately 64 mmol T-Fe L Ϫ1 and could promote a high growth rate for diatoms similar to an ideal culture media such as ESAW does for several days.
28) The pH (NBS scale) was measured using a pH meter (METTER TOLEDO) at the beginning of the experiment. The acidic Fe stock solution (6.6 mmol L Ϫ1 ) used was prepared using the reagent FeCl 3 · 6H 2 O just prior to the experiment in dilute HCl (pH ϳ3) for unchelated Fe treatments and in 9.8 mmol L Ϫ1 EDTA solution for EDTA-Fe treatments. The Fe stock solution was diluted by Milli-Q water at 1/10, 1/100, and/or 1/1000 to make final Fe concentrations of 660, 66 and 6.6 nmol L Ϫ1 in media, respectively (Tables 1 and 2) . A macro-nutrient cocktail ( Table 3 ) was added repeatedly when the growth of diatoms reached the stationary or decline phase to determine the durability of bioavailable Fe released from the slag. The composition of the nutrient cocktail (N : P : Siϭ10 : 1 : 10.5) was set to be the N-limited ratio according to the Redfield ratio as stated earlier.
Aging of Slag Media
Before the culture experiments, we conducted an aging experiment of Fe released from the slag by examining the abiotic decrease in Fe bioavailability in the media, i.e., the formation of solid (amorphous) Fe hydroxide or an Fe-ligand (EDTA) complex. Aging of 2 and 20 mg L Ϫ1 slag media were performed for 5 and 15 d, respectively, in Fefree ESAW media with or without EDTA and then T. nordenskioeldii was inoculated in the culture tube ( Table 4) .
Culture Condition
Pyrex borosilicate test tubes (culture tubes) were used in triplicate for each treatment. All tubes were sealed with MilliWrap (Millipore) to avoid inadvertent Fe and bacterial contaminations but to allow air exchange, and they were agitated gently but thoroughly three times a day. During the experiment, the growth was monitored daily for in vivo chlorophyll a fluorescence using a Turner Design Model 10-AU fluorometer. The culture vessels were placed in the dark approximately 30 min before the in vivo fluorescence measurement to offset photo-physiological stress that could affect the fluorescence value. 33) The light and temperature conditions were the same as those used for the stock culture described above. All cultivation apparatuses were thoroughly cleaned with acid and rinsed with Milli-Q water repeatedly according to the clean technique.
34) The culture was prepared on a clean bench (Class 100) to avoid inadvertent Fe contamination.
Data Analysis
The daily growth rate was calculated using the following formula, (1) where F t and F tϩ1 represent the in vivo fluorescence on the t th and tϩ1 th day of cultivation, respectively.
The duration of availability of Fe from the slag compared to that from organic Fe or the Fe-EDTA complex was determined as follows. The maximum growth rate observed during the first exponential growth phase was plotted against culture age (in days), which was considered to be the potential maximum growth rate in each treatment. Then, recovered growth rates after the additions of the nutrient cocktail were plotted against culture age. When the recovered growth lasted for more than 2 d, the growth rates were averaged for those days and plotted against their median day. Finally, regression curves of recovered growth rates against culture ages were analyzed and the correlation coefficient was statistically assessed by a t-test. 35) Since the concentration of the added nutrients was always much higher than the growth-limiting level, 36) an observed reduction in the recovered growth rate can be considered a the decrease in the amount of bioavailable Fe. We then calculated the maximum duration of availability of Fe from the slag, inorganic Fe and Fe-EDTA complex. In this analysis we counted the duration until regression reached mϭ0.10 d Ϫ1 as a growth promoter of the slag which is close to the lowest growth rate of natural phytoplankton in an oligotrophic open ocean.
37) The recovered growth rates were not plotted when the value less than zero to obtain clear regressions. As a result, the number of plots and also reliability of the regression decreased as the decrease in the duration of Fe bioavailability.
Results and Discussion
The pH immediately increased from 8.03 to 8.28 with the addition of 20 mg L Ϫ1 of slag into the culture media, probably due to the high Ca content of the slag. Haraguchi et al. 29) also reported a similar pH increase with the addition of 33 mg L Ϫ1 of but with no growth inhibition. Therefore, the present condition did not negatively affect the growth of phytoplankton.
Repeated Nutrient Addition Experiment
In T. oceanica, potential maximum growth rates recorded for the first exponential growth phase were the highest (ap- (Figs. 2(a)-2(d) ). Nutrient was added three times on the 9th, 16th, and 23rd day of cultivation. The recovered growth rate in Slag 20 and EDTA-Slag 20 treatments remained high until the final addition, whereas these rates gradually decreased in Slag 0.2, EDTA-Slag 0.2, Fe 1, EDTA-Fe 1 and EDTA-Fe 1/1000 treatments. No recovery was observed in Fe 1/10, Fe 1/1000, Fe 0 and EDTA-Fe 0 treatments (Figs. 2(a)-2(d) ).
In T. nordenskioeldii, the potential maximum growth rate was as high as approximately 1.5 d Ϫ1 in Slag 2, Slag 20, EDTA-Slag 20, and Fe 1 treatments (Figs. 2(e)-2(g) ). In EDTA-Fe-complexed media, the potential maximum growth rates were lower than in EDTA-free media (Fig.  2(h) ). The nutrient cocktail was added on the 14th, 22nd, and 30th day of cultivation. the initial phase was probably supported by intracellularly stored Fe during pre-cultivation. 38) Fe released from the slag was clearly observed to have a high bioavailability, which supports the high growth rate of the two diatom species for a fairly long duration regardless of the presence or absence of EDTA (Fig. 2) . In particular, the slag used at a concentration of 20 mg L Ϫ1 released adequate Fe for over 30 d, while that used at 0.2 mg and 2 mg L Ϫ1 was sufficient for several days for T. oceanica and T. nordenskioeldii, respectively. Therefore, we propose that fertilization of slag at a concentration of 20 mg L Ϫ1 should supply adequate amounts of Fe during OIF to the HNLC region in order to support the highest growth of marine diatoms for at least one month.
Iron Supply from Aged Slag (T. nordenskioeldii)
Maximum in vivo fluorescence decreased with the aging time of slag particles in the culture media (Figs. 3(a), 3(b) ). However, the initial growth rate in the first 5 d did not change with aging, except for that in EDTA-Slag 2 treatment in which the growth rate decreased with aging (Figs.  3(c), 3(d) ). Both in vivo fluorescence and the growth rate in Slag 2 treatments were generally low but always higher in the absence of EDTA than that in its presence, whereas both the parameters were the same in Slag 20 treatments regardless of the presence or absence of EDTA. This indicates that the slag at a concentration of 2 mg L Ϫ1 could not release adequate amounts of Fe to achieve the maximum yield of T. nordenskioeldii, and a substantial amount of the released Fe was captured by EDTA during aging under excess EDTA in the media.
Fe released from the slag at a concentration of 20 mg L
Ϫ1
was likely sufficiently abundant even in the presence of EDTA over 15 d. In Slag 20 treatment, the initial growth rate with the Fe released from the slag that was aged for 15 d (Figs. 3(c) , 3(d)) was higher than the recovered growth rate caused by the macronutrient spike on 14th day (Figs. 2(e), 2(f)). This probably occurred due to the uptake of a significant amount of the released Fe by T. nordenskioeldii during the first 14 d in the former experiment. Another bioavailable Fe source is solid amorphous Fe hydroxide 12, 13) that originated from Fe released from the slag before nutrient addition on the 14th day. Although the dissociation of dissolved Fe from amorphous Fe(III) hydroxide decrease rapidly with aging because of the conversion to a more stable solid phase, 12) no growth reduction was observed in the present Slag 20 treatments (Fig. 3) . These results all strongly suggest that adequate amounts of Fe can continuously be supplied by the slag added to seawater at a concentration of 20 mg L Ϫ1 even for coastal subarctic diatoms, which require a larger amount of Fe compared to the oceanic species such as T. oceanica. 39, 40) 
Duration of Bioavailable Fe from the Slag
The possible duration for which the slag was available as an Fe source for T. oceanica was as follows (Figs.  4(a)-4(f) The last two treatments likely maintained the Fe-EDTA complex for a longer duration for the two Thalassiosira species. EDTA is known to form the most effective and longest-working chelator complex with metals at a high metal : EDTA ratio that can gradually release metals into the media, allowing the subsequent uptake of metals by phytoplankton. 39, 41, 42) Therefore, the similarly long durability of the slag as an Fe source suggests excellent performance of the slag in situ, even in the form of fine particles (approximately 5-20 mm). By using particles of different sizes, the instantaneous effect and durability of the slag can be adjusted.
T. oceanica is a known species adopted to a low Fe oceanic environment compared to coastal diatoms such as T. nordenskioeldii. 39, 40, 43) A recent study reported that T. oceanica adapted evolutionarily to low Fe conditions by replacing Fe-containing cytochrome proteins with Fe-free proteins as electron donors 44) and by reducing high Fe containing proteins such as the photosystem I complex relative to low-Fe of photosystem II. 40) In the present study, all recovered growth rates by three successive nutrient additions for T. oceanica in Slag 20 media were maintained at the same level (Figs. 2 and 4) . Such a prolonged high growth rate was probably due to a reduction in their Fe requirement and/or the relatively high Fe release from the slag in the media. Therefore, the asymptotes were often correlated higher with exponential curves compared to linear fitting. On the other hand, T. nordenskioeldii is a coastal species that cannot reduce Fe requirement compared to their oceanic counterparts; thus, its recovered growth rates linearly decreased with time (Figs. 4(g)-4(i) ). In conclusion, the effectiveness and durability of slag as an Fe source varies with the physiology of the species. Similar experiments with other phytoplankton should be conducted in future.
Implications for Geo-engineering
In future, if we change the atmosphere too much for our own well-being, methods such as carbon capture and sequestration in the ocean depths will help mitigate the effect. This can be done by direct dumping of liquid or solid CO 2 by enhancing the so-called biological pump. Among them, the latter can be adopted preferably by natural systems. OIF in the HNLC region proposed by Martin 4) is a method described in the latter part, which has moderate impact on natural systems. However, according to the biogeochemical characteristics of Fe in the ocean, artificially added dissolved Fe diminishes quickly and is maintained for less than a week. 5, 6) Thus, the dissolved Fe must be supplied repeatedly at shorter intervals or in the form of chelated Fe such as Fe-EDTA. 18) This method is apparently costly and results in additional CO 2 emissions. To avoid this, we can employ slag or a by-product formed by Fe manufacturing, without additional energy consumption, and without toxicity. The slag added at a concentration of 20 mg L Ϫ1 is approximately 10 times more effective as a source of bioavailable Fe to the marine diatoms compared to the dissolved Fe added in previous OIF experiments, 5, 6) while the slag can also be effective until the macronutrients are exhausted.
The scientific community has assessed the ramifications of policy options for CO 2 mitigation and geo-engineering.
18) The possible plans to offset carbon include largescale and long-term nutrient fertilization 19, 45) We believe that slag will be one of the most useful tools for OIF in future experiments. Blain et al. 46, 47) and Pollard et al. 48) reported that natural OIF with macronutrients from deep, nutrient-rich water upwelling and/or diffusing upward to the surface of HNLC region increases the potential of carbon sequestration in the ocean depths. A 100-200 m long, water pipe (diameter 1-10 m) could pump up nutrient-rich water below the nutricline, and hence continuous nutrient fertilization could be achieved. 49) Sewage from highly urbanized areas is another source of highly bioavailable nutrients, especially as a bio-active nitrogen source for marine phytoplankton. 50, 51) In the near future, these macronutrient fertilizers may ameliorate our Earth system in a high CO 2 world. However, as stated earlier, the simple upwelling of deep water or sewage fertilization in the oceanic region limits the carrying capacity by limiting Fe nutrition due to Fe's biogeochemical characteristics. 5, 6, 46, 52) As a result, the slag could overcome these drawbacks, alleviating the carrying capacity as observed in the present study.
However, by coupling with Ocean-Circulation-and-Climate-Advanced-Modeling and nitrogen-based NutrientPhytoplankton-Zooplankton-Detritus model, Yool et al. 53) preliminarily demonstrated that the effect on the uptake of CO 2 from the atmosphere using the water pipe is marginal, but the efficiency of CO 2 uptake have considerable spatiotemporal variability. The model output indicates the efficiency of a water pipe driven to a depth of 500-1 000 m in tropical and subtropical regions. 53) Even with these high stakes, the use of ocean pipes and slag together, if ethically and scientifically accepted, may result in high productivity for a long time, and hence, a large amount of CO 2 can potentially be sequestered from the atmosphere. However, little is known about the side effects or perhaps unanticipated damage to the Earth system due to the addition of slag or OIF, such as perturbation of the structure of lower trophic levels on the local (or global) ecosystem, trophic mismatches by the anthropogenic bloom, and creation of a hypoxic zone by increased biomass degradation in the mesopelagic ocean realm. 54) To date, ecological disruptions due to anthropogenic perturbations are significantly difficult to predict. 55) To make reasonable and/or impartial policy decisions, we will need further knowledge to resolve the positive and negative effects of such geo-engineering of the Earth system.
Summary
Fine slag particle (approximately 5-20 mm) could supply bioavailable Fe to marine diatoms. The possible duration of availability of Fe from the slag was prolonged by more than 50 d when the slag was supplied at a concentration of 20 mg L
Ϫ1
, which is 2-3 times longer than that observed with inorganic and/or EDTA-chelated Fe and approximately 10 times longer than the results reported by in situ OIF experiments. 5, 6) Such an advantageous effect is also useful for creating a resource of microalgae biofuels. 56) However, a difference in effectiveness between the two diatom species was also observed. Similar experiments should be conducted using a more diverse group of phytoplankton under various conditions to understand in a theoretical manner the bioavailability of Fe originating from slag.
